Of the 6.7 million individuals in the United States who are visually impaired, 63% are unemployed, and 59% have not attained an education beyond a high school diploma. Providing a basic science education to children and adults with visual disabilities can be challenging, because most scientific learning relies on visual demonstrations. Creating resources to help teachers and service organizations better communicate science is thus critical both to the education of sighted students as well as to the continuing education of individuals with blindness or low vision (BLV). Here, 4 new scientific learning activities that last 5 to 15 minutes each are described. These simple exercises are designed to educate the general public, including both those who are sighted and those with BLV. The modules use tactile and auditory approaches to convey basic concepts including: the metric system, material strength and deformation, transparency, and the electromagnetic spectrum. These modules were tested on 20 adults with BLV during a science outreach event. Answers to learning assessment questions indicate that the modules conveyed information about the scientific concepts presented and increased an interest in science for most participants.
These modules use tactile and auditory approaches to convey the following basic concepts: the metric system, material strength and deformation, transparency of materials, and the electromagnetic spectrum.
Below we describe how these 4 modules were utilized during a 3-hour science outreach event reaching 20 BLV adults with diverse educational backgrounds. Prior to that event, a series of preliminary events were conducted at Rice University with blindfolded undergraduates and two BLV individuals, including a Ph.D. scientist. The feedback obtained was used to refine the modules and their discussion points before to presenting the modules at the Lighthouse of Houston.
The participants were asked simple questions before, during, and after the modules to assess the effectiveness of the activity in promoting interest in, and knowledge of, science. The results indicate that the modules were successful in teaching a variety of basic scientific concepts, and the participants were eager to have us return with additional activities in the future.
PARTICIPANTS
The Lighthouse of Houston is a nonprofit community center located in Houston, TX, that serves BLV individuals. A science day was planned and advertised to the clients and staff of the Houston Lighthouse, welcoming them to come try the newly developed science modules. Following Rice University's Institutional Review Board (IRB) approved protocol, 20 participants were read a consent form prior to starting the modules and signed the form on their own. Participants were all BLV adults; their level of education and mental aptitude varied widely. The questions were asked verbally before, during, and after the modules, and participant's responses were recorded anonymously by the demonstrators (during) or the activity coordinator (before/after). 
Pre-Activity Questions
Before going to the first module, 19 of the 20 participants were asked two simple "yes or no" style questions by the activity coordinator, although one participant expressed only being "somewhat" interested in science. One of the day's participants started the first module before the questions were asked, so that person was not included in this survey. The answers (Table 1) indicate that most participants had previously heard the term "nano" (relevant to the Metric System module) and were interested in science. Touch is utilized in this module to explore length scales, making it appropriate for BLV and non-BLV individuals alike. A 1 m long wooden board is decorated with several objects, each with smaller features than the previous by a factor of 10 ( Fig. 1) .
For this purpose, we used one 1 dm rubber disk, an array of 1 cm diameter rubber disks, and cutouts of P20 (ISO scale), 150 (CAMI scale), 1000 (CAMI scale), and 2000
(CAMI scale) grit sandpaper corresponding to 1000, 100, 10, and 1 μm sand particle sizes. During the demonstration, the participants explore the objects on the board, The module typically lasted about 5 to 10 minutes and generated much interest due to its stimulating tactile features. It was found that, despite preliminary concerns, most (16 out of 20) participants could distinguish between the 10 and 1 μm sandpaper.
Before the module started, all 20 participants were asked about their familiarity with the metric system. Most participants had "heard of it" but only 4 had a "good understanding of it" (Table 2) . After the module, the participants were asked whether they had a better understanding of the metric system; the majority answered "yes"
( Table 2 ). The 3 participants answering "about the same" had a prior good understanding of the metric system. Given this feedback, we conclude that this module is effective at introducing the metric system and the size of the nanoscale to a general audience in an informal setting. Moreover, loss of transparency within the eye lens due to cataracts is the leading cause of blindness in the world, 19 making transparency relevant to vision. In this module, the concepts of transparency, translucency, and opaqueness are described without visual aids to provide an understanding of the concepts surrounding light transmission to BLV individuals. (Table 3 ). All participants agreed that "the concepts were explained in a meaningful and informative way", that the "materials used in this module were representative of the three different kinds of materials covered", and that "the use of sound was helpful to represent light". In this module, the participants explore materials that they encounter on a daily basis and learn how to describe their mechanical properties. 20 The concepts of plastic and elastic deformation ( Eighteen of the day's 20 participants went to this station. Before the module, the participants were asked about their prior knowledge of strength-based concepts and materials science, yielding wide-ranging answers ( Table 4 ). The understanding of materials science gained through this module was then tested, and the results show that most participants can now recognize the concepts of plastic deformation, elastic deformation, and strength. Specifically, the majority of participants responded correctly to the 3 follow-up questions, as shown in Table 5 . Note that 2 participants gave 2 answers, one correct and one incorrect, to the deformation question, and 3 participants gave one correct and up to 2 incorrect answers to the elastic question; these were all different participants and their answers were reported as "multiple" in Table 5 concepts of cracking and fatigue were not assessed, but ensuing discussions indicated that several participants linked these to mechanical failure in cars and airplanes. 
Hearing the Electromagnetic Spectrum Module
Daily life is saturated with noise from the electromagnetic (EM) spectrum: from visible colors that decorate objects to the invisible signals of Wi-Fi, microwave ovens, and cell phones. Furthermore, the concepts of color, noise, and the EM spectrum are important to chemistry, particularly in spectroscopy and imaging. The wavelengths covered by the EM spectrum span an incredible range over ~21 orders of magnitude.
For blind individuals, a small (~1 order of magnitude) portion of the electromagnetic spectrum, the visible range, is hidden from perception. However, everyone is blind to the remainder of the electromagnetic spectrum. Seventeen of the day's 20 participants went to this station. Before starting the module, the 17 participants were asked if they were familiar with the words "spectrum"
and "radiation". Only one participant could describe the former. Most participants knew the word radiation from very specific contexts such as X-rays or UV radiation, and several articulated that radiation was detrimental to humans. Given such low level of knowledge, pre-module questions were limited to those two in favor of post-module assessment.
Participants were asked 5 post-module questions to test their newly acquired understanding ( Table 6 ). The answers to the first 2 questions suggest that participants understand that the EM spectrum is more than light. Most of the participants also expressed that it was simple to understand that a higher sound pitch meant a higher radiation energy. *It is possible that the participant(s) referred to blind individuals # The participant who answered "no" to the higher sound/higher pitch question answered "5" to the concept of radiation question, however we suspect the participant did not understand the scale and meant "1" (results are reported as "5"). This participant had lower mental abilities than most, was the only one who could not name a form of radiation after the module, and reported not learning anything.
To test the retention of the types of radiation discussed, the participants were also asked to name forms of radiation other than visible light: 13 provided only valid answers, 2 provided both valid and invalid answers, and 2 did not provide any valid answers (specific answers listed in the Supplementary Information).
Finally, an openended question "Do you feel you learned something about the world around you?" was asked, to which 15 responded "yes" and described what they learned (answers reported in the Supplementary Information). Given the excellent responses to the post-module questions, we believe this module is a good introduction to the EM spectrum.
Post-Activity Questions
Upon completion of the 4 modules, the participants met again with the activity coordinator for a final discussion, which included 6 questions. The answers to "What parts of these lessons did you most enjoy" are reported in the Supplementary
Information. Several participants mentioned that their favorite part of the activity was the Hearing the Electromagnetic Spectrum module (6 out of the 15 answers); however, this module was performed last, potentially introducing a significant bias. Otherwise, no clear trend appeared. The few answers to "What can be improved upon?" mostly related to the volume and high pitch sounds of the EM module and will be useful to the future implementation of and modifications to the program. The participants were also asked if they had suggestions for future modules; answers varied from biology to the planets. All participants were enthused to know that they will have more opportunities to experiment with science modules in the future.
Finally, to assess the success of the activity, the participants were asked if they learned anything during their visit and if the activity affected their interest in science.
The results were very positive (Table 7) , encouraging further module development to serve BLV individuals with broad educational backgrounds. 
DISCUSSION AND CONCLUSIONS
In addition to providing a fun activity to a group of individuals with visual disabilities, these modules provided a platform to learn basic concepts relevant to chemistry and the natural sciences. The answers and organization of the day also inspired a few improvements that will be implemented in future sessions.
To make the Metric System module stand-alone and enable distribution to service organizations, a Braille labeler was purchased and will be used to label each component and provide simple explanations. Any group interested in obtaining a board is encouraged to contact the corresponding author.
The sounds of the Materials Transparency and Hearing the Electromagnetic
Spectrum modules, while not always on, can lead to a distracting environment. Onesided headphones can be used instead of speakers: several headsets can be connected to each unit by using an audio splitter, such that both the demonstrator and participant(s) hear the sound output without disturbing co-located modules.
The Strength of Materials module took roughly twice as long as the other modules, and consequently became a bottleneck for the flow of participants through the stations. Participants waited patiently, discussed with others or demonstrators, or occupied themselves with an extra board from the Metric System module. In the future, twice as many demonstrators will offer the strength of materials module to avoid waiting and to offer this well-received module to all participants.
Finally, it is important to note that the students and staff involved in this project learned about adapting science and including individuals with disabilities in scientific activities. Additional modules are currently being designed and tested as a continuing effort on our part to provide scientific education to this underserved population.
